Background and Aims: peripheral nerve injury may lead to poor recovery outcome in spite of treatment with advanced microsurgical repair techniques. delayed cross-anastomosis paradigm was used to study the axon grow to the distal nerve stump after denervation separately from the influence of prolonged axotomy in the proximal stump.
INTRoDUCTIoN
Peripheral nerve transection injuries without surgical repair usually lead to permanent motor and sensory loss in the affected area. According to the general agreement the results of surgical repair are best if continuity of the nerve trunk is ensured acutely (1-10). However, also controversial results have been reported (11) (12) (13) . In practice, the time period between nerve injury and repair is often prolonged. Although operations are usually performed within six months, also longer denervation times have been suggested to give favorable results. Procedures with fresh proximal nerve ends connected to the denervated distal stumps close to the end organ are clinically performed to enable nerve reconstruction or to improve the results of delayed nerve repair. Although a lot of effort have been paid to develop operative techniques, the final clinical outcome is not always satisfactory. Therefore, we think that the role of the distal nerve stump in the regeneration process should be investigated in detail.
Although it is well known that the denervation time before repair is an important factor, which affects recovery outcome (6, 14) , the effects of delay are not completely understood. The alterations affecting the regeneration outcome are located at several levels in the whole extent of the nervous system. The brain plasticity has a definite role in regeneration process to reach the whole functional capacity (15) . The loss of ventral horn and dorsal ganglion cells after peripheral nerve lesion is well documented (14, 16, 17) . After transection of the nerve the viable, arising axons from the proximal end have to bridge the gap, find the distal stump and grow to the distal end of the nerve to reach the end organs. It has been suggested that the regenerating axons are not even able to achieve their target organs because of the diminished capability of axons to regenerate in less trophic conditions in the denervated distal nerve stump (18) . Poor functional recovery after delayed nerve repair has also been reasoned by the inability of the denervated muscle to accept reinnervation and to recover from denervation atrophy (10, 19) .
The present comparative study was conducted to investigate the effect of delay on the capacity of the denervated distal nerve stump to receive growing axon sprouts. Delayed cross-anastomosis paradigm (1, 2, 4, 5, 7, 9-12, 20-22) with cross-sutured nerve ends of two parallel nerves is used as the operative model. In our study acutely transected or degenerated proximal nerve stump is sutured to denervated distal stump. The histomorphometric calculation of axon density was selected as a measure of regenerative success. In this way we can study the alterations taking place in the distal nerve stump without the effect of denervated muscle. We hypothesize that denervation time of the distal stump is inversely related to the number of axons inside the distal nerve end.
MATERIAlS AND METHoDS
ANIMAlS 48 male adult Wistar rats (B&K, Sweden) weighting 300-340 g were used in the present study. Animals were housed in cages in groups of four to five. They received laboratory chow and were allowed to drink tap water ad libitum. The temperature was kept at 22 °C ± 2 °C and the humidity was 50% ± 10%. The day cycle in the animal room was constant (lights on from 6:00 AM to 6:00 PM). The experiment was approved by the local laboratory animal care committee. oPERATIvE PRoCEDURE Animals were anaesthetized with intraperitoneal injection of sodium pentobarbital 30 mg/kg (Mebunat, orion Pharma, Espoo, Finland) and subcutaneous injection of medetomidine HCI 200 µg/kg (Domitor, orion Pharma, Espoo, Finland). The left sciatic nerve (ScN) was exposed and bifurcation of left common peroneal nerve (CPN) and tibial nerve (TN) was identified (9). left common peroneal nerve was transected at the level of hip joint. The nerve ends were ligated with 4-0 nonabsorbable polyamid sutures (Deknalon, Deknatel, lübeck, Germany) to adjoining muscle in order to prevent reinnervation (Fig. 1A) .
The animals were randomly divided into two experimental groups. After two or six months denervation, the animals were reanaesthetized and reoperation was performed ( Fig. 1B) . In the DEG group the both ends of common peroneal nerve were dissected carefully from adjoining muscles. Neuroma and glioma formations of the denervated nerve ends were excised. Thin slices were sharply cut recurrently until the nerve construction and consistence were normalized. The end-to-end reanastomosis was performed with four 9-0 nonabsorbable nylon sutures (Nylon Monofil, Deknatel, lübeck, Germany) with the help of microinstruments and surgical loupes. Tension free anastomosis was ensured by careful detachment of both nerve stumps from the surrounding tissues. ln the REG group a freshly transected tibial nerve was sutured to the distal end of the denervated common peroneal nerve with similar microsurgical technique as in the previous group. Animals were sacrificed at three or six weeks after the second operation.
There were six animals in each experimental group at each time point. on the day of sacrifice the animals were anaesthetized with intraperitoneal injection of sodium pentobarbital 60 mg/kg and subcutaneous injection of medetomidine HCI 200 µg/kg. The tissues were fixed by intracardiac perfusion with 4% phosphate buffered formalin. The operated nerves were removed and immersion fixed in phosphate buffered formalin for overnight, and then 3 mm long nerve samples for morphological analysis were taken 0-3 mm (D1) and 3-6 mm distal (D2) to the reanastomosis site (Fig. 2) . The site of transection was identified through the sutures beside the site of reanastomosis. Samples were embedded in paraffin for further morphological analysis. The same surgeon carried out all the operations.
NEURoFIlAMENT PRoTEIN IMMUNoCyToCHEMISTRy
From paraffin blocks 4 µm sections were cut onto silan coated slides and used for immunolabelling of regenerative sprouts with 70 kD and 200 kD neurofilament protein (NF70, NF200) binding antibodies (Euro-Diagnostica, Arnheim, Netherlands). Sections were deparaffined, hydrated, and treated in 0.4% pepsin in 0.01 N HCI for 60 minutes at +37 °C. Endogenous peroxidase activity was prevented by incubating the sections in 0.3% H 2 o 2 in 0.05 M Tris-buffered saline. The sections were incubated with mouse serum to prevent non-spesific staining and finally incubated for 18 hours at +4 °C with the 1:10 diluted primary NF70 and NF200 monoclonal antibodies. The bound antibody was demostrated with the avidin-biotin method by vectastain ABC (vector laboratories, Peterborough, UK).
THE CoUNTING oF AxoN DENSITy
MCID Image Analyser (M4 model) system with color processing was used (Imaging Research Inc., Brock University, St. Catherines, ontario, Canada). Image was captured with Sony 930 color CCD camera from a microscope. The number of axons was determined from both distal zones of the specimens. The image of section was reflected onto monitor screen at a final magnification of x 2470 and one counting area (the whole screen) was comparable to a 0.0125 mm² in actual section. For each nerve section axons were counted in five immunohistochemically stained slides. To control our measuring method the axon density of intact rat sciatic nerve was measured and calculated 1460 axons/0.1 mm 2 , which is similar to a previous report (23) .
STATISTICAl ANAlySIS
The results are expressed as mean values (SE). Kruskal-Wallis test was used to reveal significant difference between the intervention groups on the axon density counts. Comparison between each two groups was done using Mann-Whitney test. Comparisons were done between zones D1 and D2, between denervation periods, between follow-up periods and between REG and DEG groups. P-values less than 0.05 were considered statistically significant.
RESUlTS

ZoNE D1 vERSUS ZoNE D2
Axon density between D1 and D2 within the groups of the specimens with the same denervation time and follow-up period inside the REG and DEG groups did not differ significantly (Fig 3 A-D) .
DISTAl STUMP DENERvATIoN TIME TWo vERSUS SIx MoNTHS
When compared the axon values between denervation periods within intervention groups, there were no statistical significant differences at any follow-up period (Fig 3 A-D) .
FolloW-UP THREE WEEKS vERSUS SIx WEEKS
The trend of the values was generally increasing from three weeks to six weeks within the groups, but differences were statistically insignificant (Fig 3 A-D) .
REGENERATIoN vERSUS DEGENERATIoN GRoUPS
Axon density values had usually higher trend (only exception was group D2 -2mo + 3wk, Fig 3B) in the REG groups compared to DEG groups with the same denervation time and follow-up period, although the differences were not statistically significant (Fig 3  A-D) .
DISCUSSIoN
This examination was conducted to study the ability of the distal stump to receive the regenerating axons. Considering the REG and DEG groups separately, the number of sprouting axons in the distal stump did not differ significantly between the denervation periods of two and six months in either the REG or the DEG group. This indicates that prolonging denervation from two to six months does not increase hindering of the sprouting axons to enter the distal nerve stump. The results of the DEG group are in accordance with a previous study of delayed tibial nerve repairs with freshly harvested isografts (24) . At the spinal level, the most prominent loss of neuron cells has been documented to occur during the first two months after axotomy (16, 17, 25) . Hence the major loss of neurons occurs early after axotomy and the capacity of proximal end to produce new axons does not differ significantly between two and six months delay.
Interestingly, our results of the REG group are contrary to the previous study of Sulaiman and Gordon (5) with significant difference in number of axons in the distal nerve between three and six month denervation. Although we used the same delayed crossanastomosis paradigm in the REG group as they did in their study (5), the contradiction of the results can be explained with the divergence of research set-ups. The follow-up periods (three and six weeks in our study versus one year in the previous study) were different as well as the locations of nerve specimens taken to the histomorphometrical studies (up to six mm in our study versus 25 mm distal from the suture line). With notably longer follow up periods, it is more dealing with the capacity of distal nerve stump to support the growth of the regenerating axons than to receive them.
There was higher trend in the number of axons in REG groups compared to DEG groups, but the differences were not statistically significant. The result may indicate that the prolonged axotomy is not decisive harmful to nerve regeneration (8). Further studies are needed to clarify if there are qualitative or quantitative differences in proximal stumps after various axotomy periods.
According to the present results, the ability of the denervated distal stump to receive regrowing axons seems not to be a considerable limiting factor for good regeneration between two and six months. Although functional recovery cannot be directly correlated only to the total number of regenerated axons, it can be assumed that the axon densities represent one essential part of good nerve regeneration. In our study the nerve specimens were harvested from two different zones. There were no differences in axon density values in any comparisons between the two zones indicating that the axonal sprouting extends quantitatively at the same amount at least six millimeters distally from the neurorrhaphy. However, the capability of distal nerve stump to support the axonal growth more distally to the end organs is another issue (3, 5, 20, 24) , which needs further studies. During the prolonged denervation fibrosis occurs in the en-doneurial space of the distal nerve stump (9, 19, 26) and Schwann cells lose both their number (6, 9) and their capacity to support axonal elongation (21, 27) .
The advantages of cross-anastomosis paradigm are clear. In the present study, the DEG group is exposed to the effects of prolonged axotomy (8), whereas in Fig. 3. A-B) The mean values of axon density (SE) in the distal nerve stump of common peroneal nerve after the denervation period of two months. The values were calculated after three and six weeks follow up periods. Although the trend is increasing from three to six weeks especially in the REG group, the difference is not statistically significant. The difference between the REG and DEG groups is also statistically insignificant. Axon densities in zone D1 (A) and zone D2 (B) did not differ.
C-D)
The mean values of axon density (SE) in the distal nerve stump of common peroneal nerve after the denervation period of six months. The values were calculated after three and six weeks follow up periods. The differences between experimental groups and follow up period were statistically insignificant. Axon densities in zone D1 (C) and zone D2 (D) did not differ.
the REG group the deleterious and progressive effect of axotomy induced retrograde neuron loss in the spinal cord (16, 17, 25) and the alterations of permanent injury taking place in the proximal stump (8) are avoided. To our knowledge, this is the first study with delayed cross-anastomosis paradigm in which the regenerative intervention group is compared to degenerated group. It offers a tool to clarify the timewindow of successful delayed repair and a model to examine in detail the nerve transposition procedures with fresh proximal nerve end (28). Possible sources of bias can be seen. During the denervation period, the transected nerve stumps were ligated and buried to the surrouding muscles in order to prevent axonal regeneration. This manouvre is commonly used in the previous studies (2-5, 7, 8, 10-12, 17, 20, 21, 24) . We cannot, however, rule out the possibility that muscles may contain neurotrophic factors, which may influence the result. Further, although the glioma and neuroma excision was performed similarly to the clinical procedure, the possible remaining scar tissue within the nerve can not be excluded as no histologic specimens was taken from the nerve ends. A tension free anastomosis was performed similarly to clinical procedure by careful detachment of both nerve stumps from the surrounding tissues thus reducing excessive tension, which has been shown to decrease regeneration (29, 30) . The operations were performed with common peroneal nerve and tibial nerve, which consist of both motor and sensory fibers. All the characteristics of these fibers are not similar. Delayed nerve repair have been reported to protect the spinal motoneurons from ongoing cell loss, whereas the same kind of phenomenon was not seen with sensory dorsal root ganglian cells (25) .
We conclude that the capacity of distal nerve stump to receive the growing axons from the proximal nerve stump does not decrease significantly between two and six months denervation. Further investigations with immunohistochemical, histomorphometric and electron microscopic techniques combined with studies with functional recovery are needed to clarify the role of distal nerve stump in the regeneration of the whole nerve after peripheral nerve injury and repair.
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